Extracranial-intracranial bypass surgery has advanced from a mere technical feat to a procedure requiring careful patient selection and a justifiable decision-making paradigm. Currently available technologies for flow measurement in the perioperative and intraoperative setting allow a more structured and analytical approach to decision making. The purpose of this report is to review the use of flow measurement in cerebral revascularization, presenting algorithms for flow-assisted surgical planning, technique, and surveillance. 
HE evolution of direct surgical cerebral revascularization has been punctuated by 4 phases ( Table 1 ). The Prebypass Development Phase was defined by a recognized need for cerebral revascularization techniques. In 1912, Carrel 14 was awarded the Nobel Prize for his work on suturing blood vessels. Building on this early work, pioneering efforts on surgical technique by Pool and Potts, 44 Jacobson and Suarez, 31 and others, paved the way for the first successful common carotid artery-ICA bypass by Woringer and Kunlin in 1963, 56 and the first STA-MCA bypass by Donaghy and Yaşargil in 1967 . 21 This ushered in the Technical Advancement Phase (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) . During this period rapid development and refinement of basic microsurgical anastomosis techniques set the stage for modern technical bypass. The focus was on the technical ability to perform various bypass procedures with the implicit understanding that patients with carotid occlusion and ischemia would benefit from revascularization. Pioneering work by Spetzler and Chater, 47 Tew, 53 Ausman and colleagues, 10, 11 Khodadad, 34 Sundt et al., 50 and others set standards for surgical technique. As techniques became more standardized, the number of bypass procedures increased rapidly. Practitioners soon began to question the clinical utility of this technically challenging procedure. In 1977 the EC-IC Bypass Study was initiated to address this issue. 2 The Clinical Refinement Phase (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) began with the disappointing results of the EC-IC Bypass Study, which suggested that bypass was of no clinical benefit. 23, 24 Although the surgery fell out of wide favor, some practitioners felt that the study misrepresented the benefit of bypass in properly selected patients. 8, 12, 13 Indeed, some continued to perform bypasses in patients with giant aneurysms or other skull base lesions, moyamoya disease, or in certain patients with symptomatic cerebral ischemia refractory to medical therapy. Thus, this phase was characterized by efforts to define a clinical population that could benefit from bypass. Work by Yonas et al. 55, 58 and others sought to define this population using Xe CT to obtain quantitative measurements of cerebral blood flow. In addition, novel technical advances by Tulleken and colleagues 54 offered the possibility of a nonocclusive anastomosis.
Most recently, the Hemodynamic Phase (1997-present) has been characterized by attempts to understand flow and select patients with significant symptomatic impairment. This new focus on hemodynamics has provided a basis for renewed interest in bypass surgery. As a result, the number of bypass procedures has increased by over 400% from the 4-year period from 1992-1996 to 1997-2000. 3 Over the last decade, there has been a renaissance in the field of cerebral revascularization. The impetus for this rebirth was the understanding that successful bypass required not only technical expertise but the ability to properly select only high-risk patients who would benefit from revascularization. Indeed work by Grubb and colleagues, 20 Powers et al., 27 Derdeyn et al., 19 and others began to deepen our understanding of cerebral ischemia and to highlight the fact that disturbed hemodynamics was the critical issue.
In the current era, practical and noninvasive quantitative perioperative flow measurement techniques (quantitative MR angiography) and simple quantitative intraoperative flow measurement techniques (ultrasonic flow probe) have become readily available. 15, 16 These technological advances have streamlined the use of real-time flow analysis.
Flow Measurement in Bypass Surgery

Flow-Based Approach
A multidisciplinary approach that fully integrates quantitative flow analysis into the treatment of cerebral ischemia and aneurysms requiring bypass is the foundation of a flow-based approach to EC-IC bypass. A detailed understanding of flow can improve clinical outcomes by: 1) optimizing diagnosis, patient selection, and surgical planning; 2) improving technical success intraoperatively by providing a quantitative and empiric basis for decision making, assuring immediate patency and adequate flow; and 3) improving our ability to perform postoperative surveillance of graft patency and hemodynamic improvement. This report will review the use of flow measurement in cerebral revascularization and present algorithms for FAS planning, technique, and surveillance.
Flow Measurement Technology
In addition to standard operating equipment there are several items that are a standard part of FAS paradigms. These are the ultrasonic flow probe (Charbel microflow probe, Transonic Systems, Inc.) and quantitative MR angiography using NOVA software (VasSol, Inc.)
Quantitative MR Angiography. Volumetric flow rate in cerebral vessels can be measured noninvasively using a phase-contrast MR technique. The technique of blood flow quantification by quantitative MR angiography has been described previously, 59 and is now implemented and enhanced with commercially available software called NOVA (VasSol, Inc.). Axial 2D or 3D time-of-flight MR angiography is performed and the acquired images are transmitted to a computer workstation where the NOVA software is used to create a rotating 3D surface rendering of the vasculature, including the circle of Willis, using a marching cube algorithm (Fig. 1a) . From a scan line calculated by a line-fitting algorithm, a double-oblique scan is performed using gated 2D phase-contrast MR, imaged perpendicular to the vessel axis. A flow report on each vessel of interest is created using the NOVA software; this report includes the mean volumetric flow rate (Fig. 1b) . Images can be acquired using either a 1.5-or 3-T MR imaging unit (General Electric Medical Systems). Flow measurements performed on 1.5-and 3-T units have been demonstrated to be equivalent. 60 Ultrasonic Flow Probe. Direct intraoperative flow measurements can be made with the use of a microvascular ultrasonic flow probe (Charbel Micro-flowprobe, Transonic Systems, Inc.). The device consists of an electronic flow detection unit and a flow-sensing perivascular probe. The flow probe uses the principle of ultrasonic transit time to sense flow in vessels independent of the flow velocity profile, turbulence, or hematocrit. 15, 16, 37 The flow in milliliter/ minute appears as a waveform and as a digital display on the detection unit and is indicated as positive or negative depending on the direction of flow relative to the orientation of the probe. The probe is manufactured in a variety of sizes ranging from 1.5 to 3 mm in diameter. Close vessel contact with the probe is not required because the space 
Bypass for Flow Replacement
Bypass for flow replacement includes the treatment of complex aneurysms, skull base tumors, or other lesions that require blood flow to be rerouted to functioning brain areas to prevent symptomatic ischemia. Definitive management of giant or complex aneurysms may require sacrifice of the parent vessel. Permanent occlusion of the ICA is used successfully to treat inoperable intracranial aneurysms. 22, 41 Similarly, complete excision of skull base tumors occasionally requires resection of a major vessel. Although carotid sacrifice may be tolerated, ischemia and subsequent stroke
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Flow-assisted surgical cerebral revascularization can occur in up to 30% of patients. 41 Studies evaluating cerebral perfusion during carotid ligation show that patients with signs of ischemia demonstrate a Ն 25% or greater decrease in blood flow during carotid ligation, whereas patients without ischemia have a Ͻ 25% decrease in blood flow. 33 Applying this criterion before permanent carotid ligation shows that the incidence of ischemia can be reduced to 7% with a rejection rate of 39%.
36 Some patients, therefore, are unable to provide adequate collateral flow ipsilateral to the site of ICA occlusion and are candidates for EC-IC bypass to avoid ischemic complications from carotid sacrifice. Fusiform or complex aneurysms of distal vessels, such as the MCA or its branches, typically also require revascularization using bypass techniques, because the collateral vessels to such terminal vessels are inadequate to avert stroke in the acute setting. Revascularization may be performed on a selective or universal basis.
Extracranial-Intracranial Bypass for Flow Augmentation
Anterior Circulation Ischemia. The use of EC-IC bypass to treat anterior circulation cerebral ischemia in the setting of atherosclerotic disease markedly declined after the unfavorable results of the randomized multicenter EC-IC Bypass Trial reported in 1985. 23 , 24 The trial failed to demonstrate benefit from surgical revascularization in patients with carotid artery occlusive disease. Subsequent studies have demonstrated that careful evaluation of patients with occlusive cerebrovascular disease can identify a subgroup with severe compromise in cerebrovascular reserve capacity, who are at higher risk for stroke 27, 35, 55 and who may be reasonable candidates for revascularization. In addition to the lack of hemodynamic selection criteria, the EC-IC Bypass Trial was criticized for selection bias.
Posterior Circulation Ischemia. The use of bypass for revascularization in patients with posterior fossa ischemia has been less studied than anterior circulation disease because of the relative prevalence of the conditions, the availability and evolution of endovascular techniques for treatment of vertebrobasilar stenosis, the relatively higher complication rate, and the technical complexity of posterior circulation revascularization. Existing studies indicate, however, the feasibility of various EC-IC bypass options to the posterior circulation, including occipital artery-posterior inferior cerebellar artery, 11, 34 superior cerebellar artery-posterior cerebral artery, 49 STA-posterior cerebral artery, 9 and STA-superior cerebellar artery 10 bypasses. Symptomatic vertebrobasilar disease, particularly if intracranial vessels are affected, carries a high risk of stroke, averaging 10-15% per year despite medical therapy. 7, 45 Therefore, patients who present with vertebrobasilar insufficiency refractory to maximal medical therapy and intracranial occlusive vertebrobasilar disease not amenable to endovascular angioplasty and stenting are potential candidates for posterior circulation EC-IC bypass.
Moyamoya Disease. Moyamoya disease is marked by progressive diffuse stenosis of supraclinoid carotid vessels, the development of friable neovascular collateral networks, and the propensity to develop ischemic and hemorrhagic complications. 25, 52 Adult moyamoya is classically associated with hemorrhagic symptoms, while juvenile moyamoya has been associated with primarily ischemic presentations. 25 However, this is based primarily on data taken from Japanese populations. Hallemeier et al. 29 recently described the baseline clinical features and outcomes in adults with moyamoya disease who were treated at a single North American institution. In this study, 24 (71%) of 34 adult patients presented with ischemic symptoms. Medical therapy for symptomatic moyamoya disease is largely ineffective. Consequently, surgical revascularization has become the primary modality of treatment for patients who have this disease as a means of reducing the incidence of ischemic stroke and transient ischemic attack. Many authors have reported the efficacy of revascularization in this syndrome 48 using either indirect revascularization with onlay grafts, direct EC-IC bypass with STA-MCA anastomosis, or a combination of both strategies. 26, 48 Indirect bypass demonstrates its best results in children, 30 whereas direct STA-MCA bypass seems to offer greater benefit in adults. 48 
Flow-Assisted Surgical Algorithms
Over the past 5 years, over 100 revascularization procedures using flow-assisted strategies have been performed in our department. We have refined FAS revascularization through our experience, and now have very standardized methodologies. Although we have had great success with these algorithms, more work must be done to validate them on a larger, multiinstitutional scale. The FAS algorithms are presented below.
Extracranial-Intracranial Bypass for Flow Augmentation in Ischemia
Flow-Assisted Surgical Planning. Indications for performance of EC-IC bypass for ischemia have continued to evolve. For those patients with carotid occlusion, enrollment in the Carotid Occlusion Surgery Study is a priority. 1, 28 Otherwise, patients can be chosen for surgical revascularization on the basis of ongoing symptoms of cerebral ischemia in the setting of impaired hemodynamics. If angiography (Fig. 2) demonstrates significant occlusive disease with hypoperfusion, we consider a patient to be a candidate for revascularization if the following criteria are met: 1) the presence of symptomatic occlusive disease affecting
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Flow-assisted surgical cerebral revascularization the anterior or posterior circulation with stroke or transient ischemic attacks despite medical therapy; 2) lack of medical comorbidities that contraindicate surgery; and 3) in anterior circulation disease, evidence of impaired cerebrovascular hemodynamics measured with functional MR imaging and MR perfusion studies with NOVA quantitative MR angiography (Fig. 3) , augmented with hemodynamic reserve testing using acetazolamide. For posterior circulation disease, only quantitative MR angiography is used.
Quantitative MR angiography data collected in healthy volunteers of different age ranges has been gathered to provide normative data for blood flow in major intracranial vessels. When selecting patients for bypass, NOVA quantitative MR angiography intracranial flows can be compared to this normative data to gauge the degree of impairment. Moreover, the use of a vasodilatory challenge with acetazolamide allows assessment of the level of functional cerebrovascular reserve.
Flow-Assisted Surgical Technique. The STA-MCA bypass for flow augmentation is performed in the standard fashion. 17, 40 Application of the FAS technique (Fig. 4) to this procedure entails making flow measurements at 2 points intraoperatively. 5 The first of these is the "cut flow" measurement. The cut flow is the maximal flow carrying capacity of the donor vessel (the STA). The flow in the intact STA is generally very low in situ, Ͻ 5-10 ml/minute due to the small caliber of the vessel and the high resistance of the surrounding scalp tissue. However, once the vessel is freed from its tissue bed and the distal end is cut open, allowing blood to flow freely, the full carrying capacity of the vessel in the absence of downstream resistance can be measured-this is the cut flow of the vessel. The second flow measurement of importance is the "bypass flow." After the anastomosis, the flow in the STA is remeasured, which constitutes the flow in the bypass. If the resistance in the cortical recipient bed is sufficiently low, as would be expected in patients with hemodynamic compromise due to cerebrovascular occlusive disease, the bypass flow would be expected to be similar to the cut flow. This measure can be quantified as a CFI: CFI = bypass flow/cut flow.
This simple index provides insight into the success of the bypass operation, with a CFI of 1.0 indicating a highly successful bypass. It is important to keep blood pressure, endtidal CO 2 , and anesthetic technique (such as burst suppression) stable during measurements to avoid spuriously higher or lower flow results. The STA is also wrapped in a papaverine-soaked cottonoid after the initial dissection to relieve spasm related to vessel manipulation before measuring the cut flow.
The cut flow is used as an indicator of bypass function and predictor of bypass success. In a series of 51 bypass operations performed for flow augmentation in 47 patients, we found CFI to be a significant predictor of bypass patency (p Ͻ 0.01). 6 Using a CFI of 0.5 as a threshold value, the bypass patency rate was 92% in cases with CFIs Ͼ 0.5, compared with 50% in cases with CFIs Ͻ 0.5. Critical W. W. Ashley Jr. et al. examination of the cases with poor CFIs reveals that a logical interpretation of bypass function can be performed intraoperatively. A low CFI can be a result of varying forms of intrinsic or extrinsic errors, which can be classified into Type 1 and Type 2 errors (Table 2) . 5 In summary, flow measurements allow immediate verification of bypass patency, and the CFI additionally provides a sensitive predictor of postoperative bypass patency. Given that bypasses with low CFIs are often patent at the time of surgery, our results highlight the notion that mere anatomical patency may not be as useful in predicting a successful bypass procedure as the assessment of intraoperative bypass flow (Fig. 5) .
Flow-Assisted Surgical Surveillance. Assessment of EC-IC bypass patency and function has traditionally been performed using angiography. 23, 57 Less invasive modalities for early assessment and long-term follow-up after bypass are desirable. Noninvasive methods including Doppler ultrasonography and simple digital palpation have been used, 51 but are less accurate and reliable than standard angiography. The imaging modalities of CT angiography and standard MR angiography are currently available for use in follow-up but do not provide dynamic flow information. Quantitative MR angiography provides the ability to noninvasively assess both the patency and the function of EC-IC bypasses by measuring flow through the bypass conduit. 6, 59 It is important to monitor the immediate and long-term functioning of bypasses. Quantitative MR angiography using NOVA allows bypass grafts to be assessed for patency and function in the postoperative period and over longterm serial monitoring. 6 Stenosis or reduction in graft caliber is typically indicated by a low or rapidly decreasing flow. Just as direct intraoperative flow measurements provide valuable information, postoperative flow measurements similarly provide a useful functional assessment of bypass grafts. We perform qualitative MR angiography with NOVA in the immediate postoperative period and at serial follow-up intervals every 6-12 months. Formal angiography is reserved for patients who show diminished flow on NOVA quantitative MR angiography or patients who experience new neurologic symptoms. Quantitative MR angiography with NOVA can also quantify improvement in overall flow in the recipient vascular bed and improvement in hemodynamic reserve on acetazolamide testing.
Illustrative Case 1: EC-IC Bypass for Flow Augmentation
This 68-year-old man presented with a history of strokes. Cerebral angiography (Fig. 2) revealed left carotid artery occlusion with minimal perfusion of the left MCA territory. He was noted to have some collateral flow to the left MCA territory from the ECA via the left ophthalmic artery. He subsequently underwent full neurovascular evaluation, including NOVA quantitative MR angiography flow studies (Fig. 3) , MR imaging and SPECT. A SPECT flow study
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Flow-assisted surgical cerebral revascularization demonstrated baseline reduction of blood flow in the left hemisphere. This reduction in flow was made even worse on acetazolamide challenge. The patient was believed to have symptomatic left carotid artery occlusion with a lack of cerebrovascular reserve. The NOVA quantitative MR angiography study (Fig. 3) shows that left ICA flow is minimal (10 ml/minute), and flow in the left MCA distribution is also severely compromised (89 ml/minute). Thus, after medical clearance, he was deemed a candidate for bypass. He underwent a bypass using the anterior branch of the STA. A FAS technique was used, and the measurements were as follows: STA cut flow rate was 57 ml/minute, the initial bypass flow was 26 ml/minute when measured under burst suppression, and the final bypass flow was 42 ml/minute measured under active electroencephalography conditions. His initial CFI (26/57) of 0.46 was somewhat worrisome. After removal of burst suppression, the CFI (42/57) of 0.74 was more reassuring. The initial CFI represents a Type 1 error because the hemodynamic need was underestimated due to the fact that the patient was under burst suppression. This emphasizes the importance of taking FAS measurements under stable physiological conditions. Postoperative angiograms were obtained (Fig. 5) , and demonstrated that the graft was filling well and the MCA territory perfusion had improved. Because the CFI was Ͼ 0.5, this graft will probably be durable.
Extracranial-Intracranial Bypass for Flow Replacement in Planned Vessel Sacrifice
Flow-Assisted Surgical Planning. The initial diagnosis of a giant aneurysm or other lesions requiring bypass for planned vessel sacrifice is achieved using standard 4-vessel digital subtraction angiography (Fig. 6) . The focus is placed on the anatomy of the lesion, as well as the collateral vessels, and size and location of potential donor vessels.
To determine tolerance to carotid artery sacrifice, patients undergo the endovascular BOT, during which their response to temporary carotid artery occlusion is evaluated based on neurological, radiographic, electrophysiological, perfusion, and provocative testing criteria. Although some surgeons advocate a universal approach to revascularization, we prefer a selective approach based on the results of BOT. We recently published a review of BOT and our selection criteria. 4 If BOT fails, the patient requires revascularization prior to carotid artery sacrifice. The results of BOT in addition to intraoperative assessment can also help determine the strategy for revascularization. Failure of the BOT based on clinical criteria suggests that a high-flow bypass is necessary. If failure of the BOT is based on provocative testing, a low-flow bypass may be adequate. Traditionally, the use of high-and low-flow bypass strategies have been based on estimates of flow and carrying capacity in potential donor vessels and conduits, respectively. Intraoperative flow measurements can augment this traditional strategy by providing empiric quantitative information.
The next step in FAS planning is the use of NOVA quantitative MR angiography, which allows direct measurement of the flow in the vessel(s) proximal and distal to the lesion. This information can provide some insight into the amount of flow that will need to be replaced once the vessel is sacrificed, and provide a baseline measurement for postoperative comparison.
Flow-Assisted Surgical Technique. Flow-assisted surgical technique for flow replacement requires 4 intraoperative measurements (Fig. 7) . In carotid artery aneurysms (such as in cavernous, ophthalmic, or paraclinoid locations), the flow in the distal ICA or the MCA trunk can be measured intraoperatively with the flow probe both before and after temporary carotid artery occlusion to measure the flow deficit directly. The bypass can then be tailored according to the flow replacement needed. The STA may provide adequate flow replacement depending on its carrying capacity, which can be assessed by measuring its cut flow. In preparation for the necessary flow measurements, the cervical carotid artery is exposed for proximal temporary occlusion, and the STA is routinely preserved. If the cut flow of the STA is adequate, an STA-MCA bypass is created. If the STA cannot provide adequate carrying capacity to replace the flow deficit, an interposition graft using saphenous vein or radial artery anastomosed to the STA trunk or the cervical carotid artery can be used. At the completion of the bypass, whether using the STA as an in situ pedicle graft or an interposition graft, the flow in the bypass is measured to confirm adequate flow replacement (Fig. 8) .
For fusiform or complex terminal aneurysms located on more distal vessels beyond the collateral of the circle of Willis, such as the ICA terminus, the MCA and posterior inferior cerebellar artery are used to determine the distal flow in the vessels at risk of compromise once the aneurysm is subjected to trapping or proximal occlusion. Once the distal territory flow has been measured, the adequacy of in situ pedicle grafts such as the STA for anterior circulation aneurysms, or the ophthalmic artery for posterior circulation lesions, such as posterior inferior cerebellar artery aneurysms, can be assessed by their cut flow. If inadequate to provide the necessary flow replacement to the territory at risk, then an interposition graft is required. At the completion of the bypass and after parent vessel occlusion, the bypass flow is measured to ensure that it matches the original territory flow determined at baseline. In a bypass for flow replacement in the setting of planned vessel sacrifice, the FAS technique provides a mechanism for guiding graft selection to provide the optimal revascularization strategy. Furthermore, the function and adequacy of the bypass graft can be verified intraoperatively.
Occasionally during aneurysm surgery, it becomes apparent that an aneurysm is "unclippable" and that unplanned vessel sacrifice will be necessary. We have also developed a novel strategy for intraoperative COT as part of our FAS technique. As part of a selective revascularization strategy, the intraoperative COT determines a patient's tolerance for carotid artery occlusion. The COT can provide real-time quantitative information for direct assessment of the adequacy of collateral flow postocclusion at baseline and under hemodynamic challenge. To perform the COT, distal flow is measured as described above; the carotid artery is then temporarily occluded with a clip, and distal flow is measured again. If the distal flow is maintained and there are no significant changes, a vasodilatory challenge is performed to assess adequacy of the cerebrovascular reserve. This is accomplished by inducing hypercapnia (a 10-tmm Hg increase in end-tidal CO 2 ) and determining whether the distal flow changes appropriately in response.
Flow-Assisted Surgical Surveillance. Monitoring of bypass function can be routinely followed using quantitative MR angiography. 9 Assessment in the postoperative period prior to discharge, and at 6-12-month intervals dependent upon the patient's clinical status, can be performed simply and noninvasively. Postoperative angiograms can be limited to cases that show a change or decrement in bypass flow over time. Although standard angiography enables visual confirmation of patency and filling in the 6 indicates that it is a reliable and efficient noninvasive modality in serial follow-up of bypass function and postbypass hemodynamic alterations. Additionally, the flow in the revascularized vessels can be measured directly and compared to baseline to confirm the adequacy of the bypass strategy.
Illustrative Case 2: EC-IC Bypass for Flow Replacement
This 61-year-old woman presented with ophthalmoplegia. Angiography studies revealed a large, partially thrombosed, left cavernous aneurysm, and a small, unruptured left paraclinoid aneurysm (Fig. 6) . Balloon occlusion testing was performed, and failed based on SPECT criteria. She was therefore unlikely to tolerate carotid artery occlusion and would need a bypass for flow replacement. The FAS technique was used, and the initial distal MCA flow was 55 ml/minute. After temporary ICA occlusion, the distal MCA flow was 40 ml/minute, representing a 30% decrease in flow after occlusion and confirming the need for bypass. Fortunately, the STA cut flow rate was 30 ml/ minute which was adequate to provide enough additional flow to account for the flow deficit (55 minus 40 ml/minute) of 15 ml/minute. After an STA-MCA bypass was performed, the bypass flow more than matched the deficit at 28 ml/minute. After the bypass was completed, the paraclinoid aneurysm was clipped, and the cavernous aneurysm was occluded proximally by clipping the ICA (Fig. 8 inset) .
On postoperative angiography, the graft was shown to be patent and perfusing the MCA territory; the cavernous aneurysm was not seen.
Conclusions
Recently there has been renewed interest in cerebral revascularization. The disappointing results of the EC-IC Bypass Study focused practitioners' attention on refining the indications for bypass and improving patient selection techniques. Flow measurements can be used to improve identification of patients who would benefit from revascularization, improve our technical ability to perform bypass, and improve our ability to monitor the patients. The upcoming results of the Carotid Occlusion Surgery Study 28 and the Japanese EC-IC Bypass Trial 38, 43 have the potential to greatly enhance the ability to select patients for bypass. Bypass technology has improved and in the coming years nonocclusive 54 and automated 18 bypass techniques may become standard. Likewise, flow measurement technology and its applications continue to evolve through clinical and applied research. Finally, although the current focus is primarily on first order analysis of flow data, both NOVA quantitative MR angiography and the transonic flow probe provide waveform data that allow analysis of higher order functions such as acceleration and turbulence that may have an effect on overall bypass success. As the amount of useful empiric flow data increases and as the understanding of the hemodynamic factors improves, the ability to perform bypass safely and effectively will continue to ad- vance. Flow-assisted surgical planning, technique, and surveillance methodologies have proven extremely useful at our institution, but it must be emphasized that further validation of their utility is needed to firmly establish their use.
